Abstract: Understanding the influences of rainfall and temperature on soil water and the grain production of winter wheat (Triticum aestivum L.), is of great importance to ensure the sustainability of food production on the Loess Plateau of China. Based on calibration and evaluation, the Environmental Policy Integrated Climate (EPIC) model was employed to determine the response of soil water and winter wheat to rainfall and temperature changing over the last 30 years in different regions. Results showed that (1) the EPIC model simulated soil water content well in 0-2 m soil, with a relative root mean square error (RRMSE) value of 6.0~14.0%, and the mean value of R 2 was 0.824, which was similar to the value of ME (0.815); (2) rainfall decreased 13.6-24.9% more from 2001 to 2010 than it did during 1961-2000, while its minimum and maximum temperature increased 1.00-1.55 • C and 0.30-0.84 • C respectively, in comparison with 1961-2000; (3) both the increase of maximum temperature and the decrease of rainfall were harmful to the production of winter wheat. Contrarily, the increase of minimum temperature was beneficial to the production of winter wheat on the Loess Plateau of China. Furthermore, due to rainfall decreasing, the winter wheat yield of Luochuan, Changwu, Yuncheng, and Yan'an decreased by 8.5%, 7.6%, 11.7%, and 12.3%, respectively. Because of the rising of the maximum temperature, winter wheat yield decreased 6.4%, 6.8%, 7.2%, and −3.0%, respectively. On the other hand, the increase of the minimum temperature raised the winter wheat yield of 8.8%, 10.2%, 1.5%, and 12.0%, respectively. Climate change, either precipitation reduction or temperature increase, decreased soil water in the dry land winter wheat field. Therefore, more water-saving technologies are needed to adapt to climate change, to store and use water sources more effectively in semi-arid regions. Though precipitation reduction and maximum temperature increase produced negative impacts on winter wheat yield, the uptrend in minimum temperature is better for increasing the winter wheat yield, which can be used by farmers and governments to adapt to climate change, by adjusting planting time properly.
Introduction
Soil water is a major component of agricultural water resources, particularly in semiarid regions [1] . The Loess Plateau, one of the famous semiarid regions in the world, does not have enough rainfall water to support winter wheat (Triticum aestivum L.) growth during the growing season [2] . Besides a few outside and rocky mountains, most places on the Loess Plateau are covered by loess soil, whose thickness ranges from 50 to 100 m [3] , suggesting that significant soil water Stockle et al. [18, 19] improved the sub-model of crop growth, and made the EPIC model calculate the impacts of CO 2 content and atmospheric pressure on crop transpiration efficiency and solar energy conversion efficiency. Izaurralde et al. [20] improved the carbon cycle in the EPIC model, and let it calculate the impacts of climate change on agricultural production. WinEPIC V6 is the most recent version of the EPIC model. It can simulate soil water and crop yield well, and is one of the effective tools to simulate the impacts of climate change on cropping systems.
Long term experimental data (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) for winter wheat at Changwu Agricultural and Ecological Station was used to calibrate and evaluate the EPIC model. When the experiment started, soil organic matter content was 10.5 mg/kg, with a nitrogen content of 37.0 mg/kg; the phosphorus content was 4.6 mg/kg, and potassium content was 129.3 mg/kg. Winter wheat was planted in September with a seed concentration of 163 kg/hm 2 and harvested at the middle of June. Fertilizer used for winter wheat was 120 kg/hm 2 N and 60 kg/hm 2 P 2 O 5 ; in addition, 60 kg/hm 2 manure whose organic matter content was 44.29 kg/hm 2 was used for the winter wheat. Daily meteorological data used in the EPIC model collected from Changwu meteorological station, which was 1000 m distance from Changwu Agricultural and Ecological Station. Soil samples were taken on the 20th day of each month by the core break method [21] and measured by the oven-drying method [22] .
Research Design
To clarify the impacts of precipitation and temperature change on wheat yield and soil moisture in winter wheat field, this study used elements replaced methods to set three climate scenarios during 1961-2010.: A, a change precipitation only, (TR1); B: a change maximum temperature only (TR2); C: a change minimum temperature only, (TR3). Every 10 years the EPIC model will be run with the initial soil conditions, same crop and management parameters, and printout the simulation results of soil moisture and winter wheat yield, respectively. Luochuan, Changwu, Yuncheng and Yan'an, in this study, are the representative of humid area, sub-humid area, semi-arid area, and arid areas on the Loess Plateau of China, respectively.
Statistical Methods
Available soil moisture (ASW) calculated by Equation (1):
ASW was available in soil water in 0-4.0 m soil (mm), ASWi was available soil water in soil layer i (mm), n was the maximum number of the measured soil layer, SWi was the soil water content for soil layer i (%), WPi was the wilting point for soil layer i (%), Pi was the bulk density for the soil layer i (g/cm 3 ), and Hi was thickness for soil layer i (cm).
Some statistical methods, such as RMSE, RRMSE, ME, RE, R, and R 2 , were used to calibrate and evaluate the EPIC model. 
where RMSE was the root mean square error, RRMSE was the relative root mean square error, ME was the model efficiency, RE was the relative error, R was the correlation coefficient, R 2 was the coefficient of determination, Si represents the simulated values, S was the average value for the simulated values, Mi was the measured values, and M was average value of the measured values. Changes in precipitation and temperature calculated by Equations (8)- (10) .
where, Vc was the coefficient of variation, Va absolute variability, Vr relative variability, n number of samples, X i observed value, and X average value for observed. Vc estimates the severity of climatic change on the Loess Plateau, Va and Vr reflect the annual variability of precipitation and temperature. 
Results

Changes in Precipitation and
Evaluation Results for the Environmental Policy Integrated Climate Model
The RRMSE of monthly soil water was 14.0%, 12.0%,12.0%, 13.0%, and 6.0%, respectively in 0-0.1 m, 0.1-0.5 m, 0.5-1.0 m, 1.0-1.5 m, and 1.5-2.0 m soil layers, with an overall mean ME value of 0.815 and a mean R 2 value of 0.824. Compared with observed monthly soil water, simulated monthly soil water content was slightly higher, with RE values of 0.0%, 1.6%, 6.4%, 5.3%, and 0.5% respectively, but these differences were not significant (p > 0.05). Soil water content simulated by the EPIC model was similar to observed ( Figure 2 ); the EPIC model can simulate soil water content in different soil depths well, and can simulate the monthly changing of soil water well in a winter wheat field in a semi-arid region. 
The RRMSE of monthly soil water was 14.0%, 12.0%,12.0%, 13.0%, and 6.0%, respectively in 0-0.1 m, 0.1-0.5 m, 0.5-1.0 m, 1.0-1.5 m, and 1.5-2.0 m soil layers, with an overall mean ME value of 0.815 and a mean R 2 value of 0.824. Compared with observed monthly soil water, simulated monthly soil water content was slightly higher, with RE values of 0.0%, 1.6%, 6.4%, 5.3%, and 0.5% respectively, but these differences were not significant (p > 0.05). Soil water content simulated by the EPIC model was similar to observed ( Figure 2 ); the EPIC model can simulate soil water content in different soil depths well, and can simulate the monthly changing of soil water well in a winter wheat field in a semi-arid region. From 1986 to 2000, the observed winter wheat yield was 3.90 t/hm 2 , with a standard deviation of 1.61 t/hm 2 , while the simulated yield was 3.84 t/hm 2 , with a standard deviation of 1.75 t/hm 2 . Two-tailed tests showed that there were no significant differences between the simulated and observed values (p < 0.05). The RMSE value between simulated and observed winter wheat yield was 0.291 t/hm 2 , while the values of R 2 and ME were also nearly the same ( Figure 3 ). These results indicated that simulated winter wheat yield was consistent with the observed yield. The EPIC model can calculate the impacts of climate change on winter wheat production in a semi-arid region. 
Response of Available Soil Water on Precipitation and Temperature
Under the scenario that only precipitation changed ( Figure 4A From 1986 to 2000, the observed winter wheat yield was 3.90 t/hm 2 , with a standard deviation of 1.61 t/hm 2 , while the simulated yield was 3.84 t/hm 2 , with a standard deviation of 1.75 t/hm 2 . Two-tailed tests showed that there were no significant differences between the simulated and observed values (p < 0.05). The RMSE value between simulated and observed winter wheat yield was 0.291 t/hm 2 , while the values of R 2 and ME were also nearly the same (Figure 3 ). These results indicated that simulated winter wheat yield was consistent with the observed yield. The EPIC model can calculate the impacts of climate change on winter wheat production in a semi-arid region. From 1986 to 2000, the observed winter wheat yield was 3.90 t/hm 2 , with a standard deviation of 1.61 t/hm 2 , while the simulated yield was 3.84 t/hm 2 , with a standard deviation of 1.75 t/hm 2 . Two-tailed tests showed that there were no significant differences between the simulated and observed values (p < 0.05). The RMSE value between simulated and observed winter wheat yield was 0.291 t/hm 2 , while the values of R 2 and ME were also nearly the same (Figure 3 ). These results indicated that simulated winter wheat yield was consistent with the observed yield. The EPIC model can calculate the impacts of climate change on winter wheat production in a semi-arid region. 
Under the scenario that only precipitation changed ( Figure 4A 
Under the scenario that only precipitation changed ( Figure 4A ) from 1961 to 2010, the correlation coefficients between annual precipitation and available soil water in the winter wheat field were 0.89, 0.92, 0.83, and 0.80, respectively at Luochuan, Changwu, Yuncheng, and Yan'an. The areas' available 
Response of Soil Water Distribution on Precipitation and Temperature
In the case of precipitation change only (TR1), and compared with 1961-1970, the soil water content of winter wheat field during 2001-2010 reduced 1.0-2.0% at the 2.5-3.5 m soil layer at Luochuan, 1.0-3.0% in the 1.5-3.5 m soil layer at Changwu, 1.0-3.0% in the 1.0-4.0 m soil layer at Yuncheng, and 1.0-4.0% in the 1.0-4.0 m soil layer at Yan'an. Rainfall decline causes the increase of soil water consumption in deep soil; the decreasing rate of soil water in deep soil increased gradually at Luochuan, Changwu, Yuncheng, and Yan'an.
In the case when maximum temperatures changed (TR2), and compared with 1961-1970, soil water content decreased by 0-1.0% at Luochuan, Changwu, Yuncheng, and Yan'an ( 
Response of Winter Wheat Yield to Precipitation and Temperature
If just precipitation changed during 1961-2010 (TR1), the winter wheat yield performs a volatile downward trend. The average yield of winter wheat was 4.19, 3.76, 3.16, and 2.50 t/hm 2 in Luochuan, Changwu, Yuncheng, and Yan'an, respectively, during 2001-2010, which decreased by 
If just precipitation changed during 1961-2010 (TR1), the winter wheat yield performs a volatile downward trend. The average yield of winter wheat was 4.19, 3.76, 3.16, and 2.50 t/hm 2 in Luochuan, Changwu, Yuncheng, and Yan'an, respectively, during 2001-2010, which decreased by 8.5%, 7.6%, 11.7%, and 12.3%, respectively, compared to 1961-1970. This result indicated that precipitation reduction is the main cause for the reduced yield of winter wheat on the Loess Plateau. In addition, the winter wheat yield at Yuncheng (in the semi-arid region) and Yan'an (arid region) were more sensitive to precipitation, compared with other areas.
If just the maximum temperatures changed during 1961-2010 (TR2), the yield trend of winter wheat is different in different climate zones on the Loess Plateau (Figure 6 : TR2). Winter wheat yields were 3.86, 3.76, 3.49, and 3.14 t/hm 2 at Luochuan, Changwu, Yuncheng, and Yan'an, respectively, during 2001-2010. Compared to 1961-1970, the winter wheat yield decreased by 6.4%, 6.8%, and 7.2%, respectively at Luochuan, Changwu, and Yuncheng, but increased by 3.0% at Yan'an. These results indicated that maximum temperature rise produces a negative effect on winter wheat production at Luochuan (humid district), Changwu (semi-humid area), and Yuncheng (semi-arid region), while it is better to increase the winter wheat yield at Yan'an (arid region). 8.5%, 7.6%, 11.7%, and 12.3%, respectively, compared to 1961-1970. This result indicated that precipitation reduction is the main cause for the reduced yield of winter wheat on the Loess Plateau. In addition, the winter wheat yield at Yuncheng (in the semi-arid region) and Yan'an (arid region) were more sensitive to precipitation, compared with other areas. If just the maximum temperatures changed during 1961-2010 (TR2), the yield trend of winter wheat is different in different climate zones on the Loess Plateau (Figure 6: TR2) . Winter wheat yields were 3.86, 3.76, 3.49, and 3.14 t/hm 2 at Luochuan, Changwu, Yuncheng, and Yan'an, respectively, during 2001-2010. Compared to 1961-1970, the winter wheat yield decreased by 6.4%, 6.8%, and 7.2%, respectively at Luochuan, Changwu, and Yuncheng, but increased by 3.0% at Yan'an. These results indicated that maximum temperature rise produces a negative effect on winter wheat production at Luochuan (humid district), Changwu (semi-humid area), and Yuncheng (semi-arid region), while it is better to increase the winter wheat yield at Yan'an (arid region).
If just the minimum temperature changed during 1961-2010 (TR3), the yield of winter wheat performs an uptrend on the Loess Plateau (Figure 6 : TR3). Winter wheat yields were 5.21, 4.52, 3.87, and 3.57 t/hm 2 , respectively at Luochuan, Changwu, Yuncheng, and Yan'an during 2001-2010, and increased by 8.8%, 10.2%, 1.5%, and 12.0%, respectively compared with 1961-1970. The increasing of minimum temperature is better for increasing the winter wheat yield on the Loess Plateau of China. 
Discussions
Validation of the Environmental Policy Integrated Climate Model
The EPIC model has been widely validated and applied around the world since it was published by the Black Land Research Center in Texas in 1984. Most studies suggested that the EPIC model can calculate annual yield for an average yield of winter wheat under different irrigation and fertilization management systems [23, 24] , while numeral researchers report that EPIC models can simulate medium and average yield of winter wheat over a long period, but fail to reflect the changes of winter wheat yield between different years [18, 19] . Results of EPIC model validation and application show that the EPIC model can simulate winter wheat yield in normal rainfall years in China [17, 23, 25] . Related research showed that the EPIC model has good adaptability for simulating crop yield and soil water change, not only on the Loess Plateau [17, 23] , but also at the North Plain of China [26] [27] [28] . This study showed that the EPIC model can accurately simulate winter wheat yield in the semi-arid land of the Loess Plateau, with an RE value of −1.5%. Williams pointed out that calibration and validation of the accuracy of the EPIC model are necessary for its application [15, 16] . In this study, we used long-term experimental data, including soil data, crop data, and weather data, to calibrate and validate the EPIC model; these works provide one good base for the accuracy of simulation results. Validation results showed that the values of R 2 and ME were 0.97 and 0.95, respectively. Simulated winter wheat yield can reflect the annual variability in dry land winter wheat on the Loess Plateau of China.
The validation results of [29] show that the EPIC model can simulate soil water content in the dry land field, and Zhang et al. [29] also use the EPIC model to simulate the dynamic changing of soil water in 0-2.0 m soil for different cropping system. This study shows that the EPIC model simulated soil water content well in 0-2.0 m soil, with an RRMSE value of 6.0-14.0%. A few related studies indicate that the EPIC model did not simulate soil water well in very dry and wet seasons [25, 27] . Shallow soil water content, affected by precipitation and crop consumption, are particularly vulnerable to the effects of precipitation on dry land. This study shows that the simulation results of soil water content in 0-0.5 m soil were less accurate than those in 0.5-2.0 m soil.
Response of Soil Water in a Winter Wheat Field to Precipitation and Temperature
Based on the analysis of soil water and weather data at Gansu Province, Pu et al. [7] pointed out that when impacted by rainfall decreasing, soil water content performed a downtrend trend in dry land fields during 1971-2000. Soil water in 0-2 m soil decreased 40-90 mm during spring and autumn, and 20-36 mm during the summer in the winter wheat dry land field [7, 16] . Yang et al. [30] report that soil water decreased more in the winter wheat field during spring compared to other seasons. This study shows that in the case of only precipitation changing, soil water in 0-4 m soil decreased 247 mm, 109 mm, 131 mm, and 124 mm (Figure 4 : TR1) at Luochuan, Changwu, Yuncheng, and Changwu, respectively during 2001-2010, compared the amounts during 1961-1970. In addition, this study also shows that decreases in soil water were mainly concentrated in the 1.0-4.0 m soil layer; a decrease in rainfall caused greater consumption of deep soil water in winter and spring seasons.
Precipitation and evaporation both are important meteorological factors that affect soil water content. Temperature is also a meteorological factor that affects soil water content indirectly, through its impacts on evaporation. Generally, there was a negative correlation between soil water content and temperature, while there was a positive correlation between soil water and precipitation. Related research has reported that variations in temperature accounts for more than 6.7% of the soil water change on the Loess Plateau of China [31, 32] and other semi-arid regions in the world [33] . Therefore, besides precipitation, temperature is also one of the important factors for influencing soil water in dry land winter wheat fields. This research shows that the rise of maximum temperature results in a decrease of soil water (1.0-3.0%); the rise of minimum temperature causes the decreasing of soil water (7.0-11.0%) in winter wheat fields on the Loess Plateau. Li et al. [34] report that excessive use of fertilizer makes crops consume more deep soil water, which causes the soil desiccation of high-yielding winter wheat fields on the Loess Plateau. This study showed that soil water in 0-1.0 m soil decreased 0-1.0%, due to the rise of maximum temperature; minimum temperature increases caused a reduction of 1.0-4.0% in the 1.0-3.0 m soil in winter wheat fields on the Loess Plateau. Therefore, besides the excessive use of fertilizer, a decrease in precipitation and increase in minimum temperatures are also important factors that cause an increase in soil water depletion in the deep soil in dry land winter wheat fields.
Response of Winter Wheat Yield to Precipitation and Temperature
This study showed that under scenario TR1 and compared with 1961-1970, winter wheat yield decreased 8.5%, 7.6%, 11.7%, and 12.3%, respectively, at Luochuanm, Changwu, Yuncheng, and Yan'an during 2001-2010. Low temperatures are not better for the growth of winter wheat, and too-low temperatures often lead winter wheat to die from chilling stress during the winter season. A rise in temperature leads to less death of winter wheat and greater consumption of soil water during the winter seasons [35, 36] . Warm weather makes the winter wheat growth period appear earlier and leads to the overwintering stage being significantly reduced [36, 37] . Based on simulation results of winter and spring wheat for more than 80 locations in North China, Wang et al. [38] pointed out, without considering the factors of agricultural technology. Radiation fluctuations are the main factors for the variation of winter wheat yields in different years during 1961-2005; the decrease of chill stress for winter wheat increased the winter wheat yield on the Loess Plateau. This study shows that under scenario TR2 and compared with 1961-1970, the winter wheat yield decreased by 6.4%, 6.8%, and 7.2% at Luochuan, Changwu, and Yuncheng, respectively, but increased 3.0% at Yan'an during 2001-2010. Under scenario TR3, and compared with 1961-1970, the winter wheat yield increased 8.8%, 10.2%, 1.5%, and 12.0% at Luochuan, Changwu, Yuncheng, and Yan'an, respectively. Overall, maximum temperature rise is detrimental to yield increase, while minimum temperature rise is better to increase the yield of winter wheat on the Loess Plateau of China.
Conclusions
Though the accuracy of simulated soil water in 0-0.5 m soil was slightly low, the EPIC model can simulate the dynamic change of soil water in winter wheat field on the Loess Plateau of China. A decrease in precipitation decreased the soil water in 0-0.4 m soil at Luochuan, Changwu, Yuncheng, and Yan'an in winter wheat fields. Increasing the maximum temperature causes soil water in 0-1.0 m soil to decrease between 0-1.0%, while the increase of minimum temperature leads soil water in 1.0-3.0 m soil to decreased by 1-4.0% in winter wheat fields on the Loess Plateau. A reduction in rainfall leads to a winter wheat yield decrease of 7.6-12.3% at Luochuan, Changwu, Yuncheng, and Yan'an. The increase of maximum temperature causes the reduction of winter wheat yield (3.0-7.2%), while the increase of minimum temperature leads to a winter wheat yield increase 1.5-12.0% on the Loess Plateau of China.
